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Background: Fibroblast growth factor receptor (FGFR) signalling has been implicated in pancreas carcinogenesis. We 
investigated the effect of FGFR inhibition in pancreatic cancer in complementary cancer models derived from cell lines and 
patient-derived primary tumour explants. 

Methods: The effects of FGFR signalling inhibition in pancreatic cancer were evaluated using anti-FRS2 shRNA and dovitinib. 
Pancreatic cancers with varying sensitivity to dovitinib were evaluated to determine potential predictive biomarkers of efficacy. 
Primary pancreatic explants with opposite extreme of biomarker expression were selected from 13 tumours for in vivo dovitinib 
treatment. 

Results: Treatment with anti-FRS2 shRNA induced significant in vitro cell kill in pancreatic cancer cells. Dovitinib treatment 
achieved similar effects and was mediated by Akt/Mcl-1 signalling in sensitive cells. Dovitinib efficacy correlated with FRS2 
phosphorylation status, FGFR2 mRNA level and FGFR2 Nib expression but not phosphorylation status of VEGFR2 and PDGFR/?. 
Using FGFR2 mRNA level, a proof-of-concept study using primary pancreatic cancer explants correctly identified the tumours' 
sensitivity to dovitinib. 

Conclusion: Inhibiting FGFR signalling using shRNA and dovitinib achieved significant anti-cancer cancer effects in pancreatic 
cancer. The effect was more pronounced in FGFR2 Nib overexpressing pancreatic cancer that may be dependent on aberrant 
stimulation by stromal-derived FGF ligands. 



Pancreatic cancer remains a highly fatal disease despite efforts to 
improve the treatment over last several decades (American Cancer 
Society, 2011). Fibroblast growth factor receptors (FGFRs) are 
transmembrane proteins that, on binding with FGF ligands, trigger 
the phosphorylation of FGFR substrate 2 (FRS2), a key adaptor 
protein that is largely specific to FGFRs (Wesche et al, 2011). 
Phosphorylated FRS2 then recruits and activates elements of the 
Ras/MAPK and PI3K/Akt pathways. Fibroblast growth factor 
receptor signalling is terminated when the FGF-FGFR complex is 
endocytosed and ubiquitinatised. Fibroblast growth factor receptor 
signalling has also been shown to have an important role in 



pancreatic ductal and stromal hyperplasia, and cancer progression. 
Several FGFs including FGF1, 2, 7 and 10 are overexpressed in 
pancreatic cancer (Kornmann et al, 1998; Mahadevan and Hoff, 
2007). FGF2 stimulation has been linked to increased pancreatic 
cancer cell proliferation, motility, invasion and stromal hyperplasia 
(Escaffit et al, 2000; Kuniyasu et al 2001; Nomura et al, 2008). The 
overexpression of FGF7, a soluble stromal factor, was linked to 
pancreatic cancer progression and increased metastatic potential 
(Yi et al, 1994; Zang et al, 2009). Preclinical studies showed that 
alterations in FGFR1 signalling modulated growth in pancreatic 
cancer cells (Liu et al, 2007; Chen et al, 2010). Elevated FGFR2 
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expression is associated with more advanced disease and shorter 
patient survival (Yamanaka et al, 1993; Ohta et al, 1995; Cho et al, 
2007), whereas increased FGFR2 phosphorylation has been 
associated with enhanced pancreatic cancer cell proliferation, 
migration, invasion, survival and tumour angiogenesis (Nomura 
et al, 2008; Katoh and Katoh, 2009; Wesche et al, 2011). 
In addition, FGFR2 amplification was detected in a subset of 
pancreatic cancers during a genome-wide analysis (Nowak et al, 
2005). As such, FGFR signalling may be a valid therapeutic target 
in pancreatic cancer. 

Our group previously established a primary pancreatic cancer 
explant model by implanting and propagating surgically resected 
tumour tissues in SCID mice (Hylander et al, 2005; Philip et al, 
2009). The primary tumours were maintained in vivo without 
passage through cell line phase and the model has been shown to 
closely mirror the biology of the donor patients' tumours (Philip 
et al, 2009). This platform has been used by us and others 
(Hylander et al, 2005; Rubio-Viqueira et al, 2006) in evaluating 
anti-cancer drugs preclinically. 

Dovitinib is a highly potent inhibitor of FGFRs with kinase 
IC 50 <10nmoll" 1 ; other targets include VEGFR2 and PDGFR/? 
(kinase IC 50 > lOnmoll - J ) (Lee, 2005). Preclinically, the small 
molecule has demonstrated FGFR- dependent anti- tumour effects 
in a breast cancer model independent of its activity against VEGFR 
and PDGFR/? (Dey et al, 2010). Taeger et al (2011) had previously 
reported the anti-proliferative and -metastatic effects of dovitinib 
in pancreatic cancer cell line model though the relationship to the 
underlying FGFR signalling activity was unclear. In this report, 
we extend this by investigating whether underlying FGFR 
signalling will affect the effect of a potent FGFR inhibitor such 
as dovitinib in pancreatic cancer using a complement of cell lines 
and primary patient-derived explant models. We hypothesise that 
pancreatic tumour with heighted FGFR signalling is more sensitive 
to the anti- cancer effects of agents inhibiting FGFR signalling. 



MATERIALS AND METHODS 



Drug. Dovitinib was obtained from Novartis Institutes for 
Biomedical Research (Basel, Switzerland). For in vitro proliferation 
assays, dovitinib was prepared as a lOmmoll -1 solution in 
DMSO. For in vivo xenograft studies, dovitinib solution was 
formulated as 4 mg ml ~ 1 in water for oral gavage. 

Cell lines and in vitro studies. Human pancreatic cancer cell lines 
L3.6PL, Panc4.30 and Panc2.13 were gifted by Dr Manuel Hidalgo 
(Johns Hopkins University); and AsPCl, SU86.86 and Panc02.03 
were from American Type Culture Collection (ATCC, Manassas, 
VA, USA). All of the pancreatic cancer cell lines were maintained 
in DMEM (Life Technologies, Grand Island, NY, USA) supple- 
mented with 10% FBS (Sigma, St Louis, MO, USA) and penicillin- 
streptomycin and incubated at 37 °C in a fully humidified 
atmosphere containing 5% C0 2 . Pancreatic cell cultures were 
seeded into 24-well plates and treated with DMSO or indicated 
agents. Then cells were harvested and the extent of cell death was 
evaluated by Trypan blue stain counting by TC10 (Bio-Rad, 
Richmond, CA, USA). Each experiment was performed in 
triplicate. 

RNA interference and gene overexpression studies. A constitu- 
tively active form of Aktl (CA-Aktl) and Mcl-1 cDNA (Upstate, 
Lake Placid, NY, USA) was generously provided by Dr Shengbing 
Huang (Mayo Clinic, Rochester, MN, USA) (Rahmani et al, 2003) 
for gene overexpression studies. Briefly, cDNA was cloned into 
pCDHl-MCSl-EFl-Puro vector (System Bioscience, Mountain 
View, CA, USA) for lentivirus packaging in 293 TN cells. 
Pancreatic cells were infected with lentivirus with multiplicity of 
infection (MOI) of 5 under selective Puromycin (1 jig ml -1 ). 



RNA interference was based on pGreenPuro system (System 
Bioscience) expressing small hairpin RNA (shRNA). pGreen- 
FRS2a, pGreen-Mcl-1 and pGreenPuro-vec constructs, encoding 
shRNA for FRS2a (sh-FRS2), Mcl-1 (shMcl-1) or a negative 
control (vector) respectively, were prepared by inserting the target 
sequence for human FRS2a (shRNA 1: 5' -CCGTGATAGACATC- 
GAGAGAA-3' or shRNA2: 5' - CCGTGCAG A AG A ATT ATTT - 3' ) 
or Mcl-1 (5 7 - GG ACTTTTAT ACCTGTT AT- 3' ) into pGreenPuro. 
293 TN cell was stably transfected with the constructs and three 
packaging plasmids using Lipofectamine 2000 reagent (Invitrogen) 
to package lentivirus; and then pancreatic cells were infected with 
lentivirus with multiplicity of infection of 5. Clones with stable 
downregulated FRS2a or Mcl-1 expression were selected with 
puromycin (l/igml -1 ). 

Immunoblotting. For immunoblot analysis, the cells were treated 
with the indicated agents and then collected in lysis buffer (Cell 
Signaling, Dan vers, MA, USA). Total protein was quantified using 
Coomassie protein assay reagent (Bio-Rad). An equal amount of 
protein (60 fig) was separated by SDS-PAGE and electrotransferred 
onto nitrocellulose membrane. The following primary antibodies 
were used: FGFR2, VEGFR 1, p-VEGFR2 (Y1214) and VEGFR2, 
p-PDGFR/? (Y751) and PDGFR/? (1:1000, R&D Systems, 
Minneapolis, MN, USA); Mcl-1 (1 : 1000, BD PharMingen, Sparks, 
MD, USA); p-Akt(S473), Akt, p-Erkl/2(T202/T204), Erk, 
p-GSK3£(S9), GSK-3/?, Bid, tBid, cyclin Dl, cleaved caspase 3, 
cleaved poly(ADP-ribose) polymerase (PARP), human Bcl-2 and 
Bcl-xL (1 : 1000-1 : 5000, Cell Signaling); p-FRS2a(Y196) and FRS2a 
(1 :200, Santa Cruz Biotechnology, Santa Cruz, CA, USA). /?-actin 
(1 : 500,000, Sigma) was measured as control for equal loading. Blots 
were exposed to HRP-conjugated goat anti-mouse or goat anti- 
rabbit IgG secondary antibodies (1 :5000, KPL, Gaithersburg, MD, 
USA) and then developed by enhanced chemiluminescence (Pierce, 
Rockford, IL, USA). For semi- quantitative analysis, protein 
expression was quantified by densitometric analysis using Quantity 
One 4.6.5 (Bio-Rad). FRS2 phosphorylation ratio is calculated by 
the equation (p-FRS2a/FRS2a). In Figure 2F, FGFR2 expression, 
and the phosphorylation status of FRS2, VEGFR2 and PDGFR/? 
were compared ('normalised') to /?-actin of L3.6PL and expressed 
as ratio. 

RNA extraction and RT-PCR for FGFRs and subtypes. RNA 

from pancreatic cells or tumours was extracted using TRIzol 
reagent (Invitrogen) according to the manufacturers' protocol. 
cDNA was obtained from 5 fig of total RNA, using the Superscript 
III Reverse Transcriptase kit (Invitrogen) with oligos-dT primers. 
Semi- quantitative PCR was performed as follows: 2 ul of 10 x 
Buffer (Roche, Indianapolis, IN, USA), 0.2 ul of Taq polymerase 
(5U/d _1 Roche), 0.4 fA of 10 mM dNTP mix (Roche), 0.1 /d of 
each primer (100 fiM), 1 fA of cDNA, filled to a final volume of 20 fA 
with sterile H 2 0. Thermal cycling reaction using an Icycler device 
(Bio-Rad) was: 94 °C for 2min; followed by 25-35 cycles of 95 °C 
for 30 s, 60 °C for 30 s, 72 °C for 45 s for detection of FGFR2. The 
amplified products were further extended by additional incubation 
at 72 °C for lOmin. PCR products were then loaded on a 1% 
agarose gel containing ethidium bromide. All quantitations were 
normalised to GAPDH. FGFR2 and GAPDH primers were as 
follows: FGFRl(IIIb) forward 5'-ACCAGTCTGCGTGGCTCAC 
T-3', reverse 5 / -TGCCGGCCTCTCTTCCA-3 / ; FGFRl(IIIc) forward, 
^-GGACTCTCCCATCACTCTGCAT-y, reverse 5'-CCCCTGTG 
CAATAGATGATGATC-3'; FGFR2 forward, 5' -TG ACATTAACC 
GTGTTCCTGAG-3', reverse 5' -TGGCGAGTCCAAAGTCTGCTA 
T-3'; FGFR2(IIIb) forward, 5' -GATAAATAGTTCCAATGCA 
GAAGTGCT-3', reverse 5' -TGCCCTATATAATTGGAGACCTTA 
CA-3'; FGFR2 (Ilk) forward, 5' -GGATATCCTTTCACTCTG 
CATGGT-3', reverse, 5' -TGGAGTAAATGGCT ATCTCCAGGTA 
-3'; GAPDH forward, ^-GAAGGCTGGGGCTCATTTG-y, reverse 
5'-AGGGGCCATCCACAG-TCTTC-3'. 
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Immunohistochemistry. Tumour tissue was fixed overnight in 
10% neutral-buffered formalin at room temperature, transferred to 
70% ethanol and processed for paraffin embedding using a Thermo 
Electron Excelsior tissue processor (Pittsburgh, PA, USA). Paraffin 
blocks were sectioned to 4 /mi thickness and placed on positively 
charged glass slides. Tissues were stained using a Discovery 
automated slide machine (Ventana Medical Systems, Tucson, AZ, 
USA). The primary antibodies used were Ki67 (1:750 dilution, 
Novocastra Laboratories, Newcastle upon Tyne, UK), and CD 34 
(EK-MP.12, 1 : 100 dilution, Accurate Chemical & Scientific Corp, 
Westbury, NY, USA). Secondary antibody was a goat anti-rabbit 
F(ab 7 )2 biotinylated antibody, 1 : 100 dilution (Jackson Immuno- 
Research, West Grove, PA, USA). Sections were counter-stained 
with hematoxylin to enhance visualisation of tissue morphology. 
General tissue morphology was evaluated using H&E staining. For 
TUNEL assay, tissue samples were embedded in paraffin and cut 
into 4-/mi-thick consecutive sections. After deparaffinised in three 
changes of xylene and rehydrated in descending concentrations of 
ethanol, the sections were treated with 20 fig ml ~ 1 proteinase K at 
37 °C for 15min and then incubated with TDT buffer containing 
12.5 /mi biotinylated dUTP (Boehrinnger Mannheim, Mannheim, 
Germany) and 0.15 units per jA TDT (Takara, Kyoto, Japan) at 
37 °C for 70 min. After terminated in terminating buffer (300 mm 
sodium chloride and 30 mm sodium citrate), the sections were 
incubated in streptavidin-peroxidase complex for 30 min and then 
developed with diaminobenzidine-tetra-hydrochloride for 1-5 min 
as a substrate. A pathologist, blinded to the treatments applied, 
analysed the staining semi- quantitatively and five representative 
high power fields per slide were evaluated for each marker. The 
proportion of tumour nuclei- stained positive were scored for Ki67 
and TUNEL and expressed as percentage; and the number of 
tumour microvessels was scored per high power field to determine 
the microvessel density. The five representative high power fields 
were then averaged to determine the score for the slide. 

In vivo xenograft studies. The patient- derived primary pancreatic 
tumours #12424 and #10978 were previously established and 
maintained by the laboratory of Dr Elizabeth Repasky at Roswell 
Park Cancer Institute (RPCI, Buffalo, NY, USA) (Hylander et al, 
2005). These primary tumours were maintained in mice and have 
never been passaged through cell lines. Tumours used here are 
generated from third and fourth passage generation for #12424 and 
#10978, respectively. Donor tumours were resected, minced into 



small pieces, resuspended in PBS and implanted s.c. into the right 
hind flanks of female immunodeficient nu/nu mice (6-8 weeks old, 
18-22 g, Charles River Laboratories, Wilmington, MA, USA). 
L3.6PL or Su8686 cells (5 x 10 6 ) were injected s.c. into the flank of 
SCID mice (RPCI). Tumours were monitored until they reached a 
mean tumour volume of 100 or 250 mm 3 . Mice were assigned 
randomly to different groups (five mice per treatment group) 
before starting dovitinib dosing. Dovitinib was administered by 
oral gavage once daily at 40mgkg _1 . Tumour volume was 
measured in two dimensions (length and width) twice weekly using 
Ultra Cal-IV calipers and was analysed using studylog software 
(Studylog Systems, San Francisco, CA, USA). Tumour volume 
(mm 3 ) = (length x width 2 )/2. Per cent tumour growth inhibition 
(TGI) was determined as [1 — (change in mean tumour volume 
after 28 days of dovitinib treatment)/(change in mean tumour 
volume after 28 days of vehicle treatment)] x 100. Mouse body 
weights were also recorded twice weekly and the mice were 
observed daily. Mice with tumour volumes ^ 2,000 mm 3 or with 
losses in body weight ^20% from their initial body weight were 
promptly euthanised per Institutional Animal Care and Use 
Committee guidelines. All animal studies using primary pancreatic 
tumours and cell lines were approved by the Institutional Animal 
Care and Use Committee of RPCI (Workman et al, 2010). The 
oversight also included the handling of the human primary 
pancreatic tumours. 

Statistical analysis. The reported values represent the means ± s.d. 
for at least three independent experiments performed in triplicate. 
The significance of differences between experimental variables was 
determined using Student's £-test. 



RESULTS 



Inhibition of FGFR signalling by FRS2a knockdown exerted 
potent pro-apoptotic effects in pancreatic cancer cell lines. 

FRS2a, a downstream adaptor protein for FGFR1-4, has a key role 
in mediating FGF signalling. We evaluated the effects of FRS2 
knockdown using shRNA in pancreatic cancer cell lines to 
determine the dependency of cell viability on FGF signalling. 
Compared with the empty vector counterpart, FRS2a expression 
was mostly abrogated by shRNAl or shRNA2 in L3.6PL, Panc4.30 
and AsPCl cells (Figure 1A). FRS2a -targeting shRNAs induced 
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Figure 1. Inhibition of FGFR signalling by FRS2oe knockdown exerted pro-apoptotic effects in pancreatic cancer cell lines, and was 
mediated via Akt/Mcl-1 axis. (A) Effect of FRS2a-targeting shRNAs on FGFR downstream signalling pathways in L3.6PL, Panc4.30 and AsPCl. 
Cells were infected with lentivirus-targeting shRNAl (5'-CCGTGATAGACATCGAGAGAA-3') or shRNA2 (5'-CCGTGCAGAAGAATTATTT-3'). 
Knockdown of FRS2a was confirmed and downstream signalling molecules were detected by immunoblotting. shRNAl had higher efficiency in 
the knockdown. (B) The cell-killing effects of FRS2a-targeting shRNAl and 2. The extent of cell death following infection with sh-FRS2a 
(shRNAl) lentivirus or vector was determined by Trypan blue stain according to Materials and Methods. In each case, values represent the 
means ± s.d. for three experiments (*P<0.05, compared with negative control). 
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marked decrease of phosphorylated AKT or ERK, with a decrease 
in Mcl-1 and cleaved Bid expression. These changes were 
accompanied by increased cell death compared with empty vector 
counterparts (Figure IB; P<0.05), suggesting the dependence of 
L3.6PL, Panc4.30 and AsPCl on FGFR signalling, and that the 
AKT and ERK pathways may have a functional role in FRS2a 
shRNA-induced cell death. 

Dovitinib treatment exerted significant pro-apoptotic effect in 
pancreatic cancer cell lines with heightened FGFR signalling 
activation. We next evaluated the feasibility of targeting FGFR 
signalling in pancreatic cancer using dovitinib, a potent pan-FGFR 
small molecule inhibitor. Dovitinib is also a potent inhibitor of 



PDGFR/? and VEGFR2, though Dey et al (2010) previously 
demonstrated that the major effects of dovitinib were primarily 
related to FGFR blockade. The dose-response effect of dovitinib 
was evaluated in a panel of six human pancreatic cancer cell lines 
(L3.6PL, Panc4.30, AsPCl, Panc2.13, SU86.86 and Panc02.03). 
In Figure 2A, pancreatic cancer cells were treated with increasing 
concentrations of dovitinib (0-10 um) for 3 days. Using 10 jiM as a 
cutoff, Panc2.13, SU86.86 and Panc02.03 were considered as 
resistant (IC 50 not identified), and L3.6PL, Panc4.30 and AsPCl 
sensitive to dovitinib treatment (IC 50 < 10 um). The expression of 
FGFR1-4 was determined in Figure 2B and were not significantly 
different between dovitinib -sensitive and -resistant cell lines 
(Supplementary Figure SI). We evaluated the status of apoptotic 



100 — L3 - 6PL 

Pane 4.30 
80 -| AsPCl 

-ct- Pane 2.13 
-o- SU86.86 
-o- Pane 02.03 



60 - 



40 - 




2 4 6 

Dovitinib (p,M) 



Resistant 




Dovitinib 
Cleaved PARP 
Cleaved Caspase-3 



L3.6PL Pane 4.30 



Pane 2.13 SU86.86 Pane 02.03 




Dovitinib 

FGF2 

FRS2a 

p-FRS2a (Y196) 
p-Akt (S473) 
Akt 

p-Erk1/2 (T202/T204) 
Erk1/2 

p-GSK3(3 (S9) 
GSK3p 

Bcl-2 

Bcl-xL 

Mcl-1 

Bid 
tBid 

Cyclin D1 
(3-actin 




Dovitinib 
FGF2 
FRS2a 

p-FRS2a (Y196) 
p-Akt (S473) 

m Akt 

p-Erk1/2 (T202/T204) 
Erk1/2 

p-GSK3(3 (S9) 
GSK3(3 
Bcl-2 
Bcl-xL 
Mcl-1 
Bid 

tBid 

CyclinDI 
actin 




P= 0.0079 



1.0 -i 



ri o.8 

Li. O 

© — n fi 

N >* U.O 
"cO O 

E 

o g 0.4 



0.2 



Sensitive 



Resistant 



2.5 



\t c5 2.0 

LU 

> 



N o 
Z Q. 



1.5 



1.0 



0.5 



0.0 



P=0.159 



1.5 



® c 
Q o 

Q_ 



Sensitive Resistant 



1.0 



Is 



0.5 



0.0 



P= 0.567 



Sensitive 



Resistant 



Figure 2. Dovitinib's pro-apoptotic effect was related to FGFR signalling inhibition and more pronounced in pancreatic cancers with 
elevated p-FRS2/FRS2 ratio. (A) Dose-response of the in vitro anti-cancer effects of dovitinib in six pancreatic cancer cell lines. Pancreatic cancer 
cells were exposed to 0-1 0^m dovitinib for 3 days. The extent of cell death was monitored by Trypan blue stain according to Materials and 
Methods. In each case, values represent the means ±s.d. for three experiments. (B) Expression of FGFR1, 2, 3 and 4 in untreated cell lines 
determined by immunobloting. (C) Serum growth-sensitive (L3.6PL, Panc4.30, AsPCl) and -resistant (Panc2.13, SU86.86, Panc02.03) cells 
were treated with 10|am dovitinib for 72 h and whole-cell lysates were immunoblotted with cleaved caspase 3 and cleaved PARP antibodies. 

(D) Overnight serum-starved cells were pretreated with 10|im dovitinib for 1 h with ( + ) or without (-) FGF2 (10ngml~ 1 ) stimulation. Lysates 
from sensitive (D, left panel) and resistant (D, right panel) cells were subject to SDS-PAGE and immunoblotted with the indicated antibodies. 

(E) Expression of phosphorylated and total VEGFR2 and PDGFR/? in untreated cell lines determined by immunobloting. (F) Expression of p-/t-FRS2, 
p-/t-VEGFR2 and p-/t-PDGFR/? in untreated pancreas cancer cell lines from panels D and E were measured and normalised to /?-actin for each cell 
line according to Materials and Methods. Phosphorylation status was calculated using the formula (phosphorylated protein/total protein). 

The relative phosphorylation status of FRS2, VEGFR2 and PDGFR/? of each cell line were compared with L3.6PL in the scatterplots. 
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Figure 3. Akt and Mcl mediate dovitinib's anti-cancer effects in pancreatic cancer cells. (A) Dovitinib-sensitive pancreas cancer cell lines, L3.6PL, 
Panc4.30 and AsPC1 , were stably transfected with a CA-AKT1 and two single clones, #1 and #2, were selected for analysis. Ectopic expression of 
CA-AKT1 dramatically increased the expression of Mcl-1 and phosphorylated GSK-3/?. (B) Sensitive cells ectopically expressing CA-AKT1 were 
treated with 10 \im dovitinib for 3 days, after which the extent of cell death was determined by Trypan blue stain according to Materials and 
Methods. Pancreatic cancer cells were stably transfected with Mcl-1 in sensitive cell lines (C) or infected with lentivirus expressing shRNA-targeting 
Mcl-1 in resistant cell lines (D). Cells were harvested and efficiency of overexpression or knockdown of Mcl-1 was confirmed by western blotting. 
Treated cells were harvested for cell death rate analysis. In each case, values represent the means ± s.d. for three experiments (*P<0.05, compared 
with negative control). 



markers in Figure 2C and observed marked mitochondrial- 
mediated apoptosis with cleavage of caspase 3 and PARP in 
sensitive cell lines compared with resistant cell lines. 

The expression of signalling proteins downstream to FGFRs of 
sensitive cell lines were then compared with resistant cells to 
elucidate the underlying mechanisms of dovitinib's pro-apoptotic 
effect. FGF2 stimulation following serum starvation, to eliminate 
signal by other growth factors, was used to better characterise 
dovitinib's effect on FGFR signalling. Western blot analysis 
validated the presence of FGFR2 and FRS2a in all cell lines tested 
(Figure 2D). The expression of p-FRS2a (Y196), a docking site for 
Grb2-Sos complexes, was decreased with dovitinib treatment in 
both sensitive and resistant cell lines, indicating inhibition of 
FGFRs by dovitinib. Decreased p-FRS2a expression by dovitinib 
treatment was associated with marked decrease in the phosphory- 
lation (activation) of AKT, GSK-3/? and Erk in both sensitive and 
resistant cell lines, suggesting that Akt and Erk signalling inhibition 
were pharmacodynamics downstream effects by dovitinib but did 
not predict anti-cancer effect. 

The expression of Bcl-2 family members were analysed and no 
major changes in expression of Bcl-2 and Bcl-xL proteins 



were observed following treatment. Interestingly, Mcl-1 was 
downregulated with dovitinib treatment in sensitive cell lines 
but no significant changes in Mcl-1 level was observed in resistant 
cell lines. In the sensitive but not resistant cell lines, dovitinib 
treatment decreased Bid expression, a key BH3 domain-only 
protein, with associated increase in cleaved Bid (tBid). No changes 
were observed in other BH3 domain-only proteins (Bim, PUMA 
and Bad, data not shown). This suggests that dovitinib treatment 
induced Bid cleavage by caspase 8 to tBid, which translocated to 
mitochondria and induced apoptosis via cytochrome c release. 
Cyclin Dl, a cell proliferation marker, was decreased more 
significantly following dovitinib treatment in sensitive cells and 
not the resistant cells. 

To investigate whether the activity of FGFR, VEGFR2 and 
PDGFR/? signalling affect dovitinib's pro-apoptotic effect, we 
contrasted FGFR1-4 expression (Figure 2B), and phosphorylation 
ratio of FRS2a (Figure 2D), VEGFR2 and PDGFR/? (Figure 2E) 
between untreated sensitive and resistant cells. There was 
significantly elevated FGFR signalling activity in untreated 
dovitinib-sensitive cells, as measured by higher FRS2 phosphoryla- 
tion ratio, than resistant cells (P = 0.0079) but not that of VEGFR2 
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Figure 4. In vivo growth inhibition by dovitinib in pancreatic cancer cell line xenografts is related to FGFR2 1Mb level. (A) Expression of FGFR1, 
2, 3 and 4 mRNAs in six pancreatic cell lines. Transcript levels were measured by semi-quantitative RT-PCR analysis with glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) as control. The FGFR2 mRNA level was normalised to GAPDH for each cell line and presented in the bar 
chart. (B) Expression levels of 1Mb and lllc subtypes of FGFR2 were measured semi-quantitatively by RT-PCR, normalised to GAPDH for each cell 
line and presented in bar charts. (C) Mice bearing L3.6PL (high FGFR2 mRNA level) or SU86.86 (low FGFR2 mRNA level) tumour received orally 
administered dovitinib at 40mgkg~ 1 or vehicle (control) once daily. Tumour volume was measured twice weekly over the course of the study 
and values represent the means ±s.d. There were five mice per treatment arm. 



and PDGFR/? (Figure 2F); and, there was no correlation between 
dovitinib sensitivity and FGFR1-4 expression (Supplementary 
Figure SI). 

AKT/Mcl-1 axis mediates dovitinib's pro-apoptotic effect in 
sensitive but not resistant cells. The PI3K/Akt and MAPK 
pathways are key mediators of FGF signalling with the former 
being a primary transmitter of anti-apoptotic signals in cancer 
cells (Beenken and Mohammadi, 2009; Wesche et al, 2011). 



To investigate whether Akt signalling had a functional role in 
mediating dovitinib -induced apoptosis, sensitive cell lines were 
stably transfected with a constitutively active AKT1 (CA-AKT1) 
and two single clones for each were selected for analysis 
(Figure 3A). Overexpression of CA-AKT1 dramatically increased 
the expression of Mcl-1 and phosphorylated GSK-3/?, indicating 
the AKT-dependent regulation of Mcl-1. Notably, no cleaved Bid 
was detected in CA-AKT1 -treated sensitive cells. Compared with 
empty vector counterparts, cell death after treatment with dovitinib 
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was substantially reduced in CA-AKT1 -treated cells (P<0.01 in 
Figure 3B). We next investigated the role of Mcl-1 by performing 
studies to overexpress and knockdown Mcl-1 in sensitive and 
resistant cell lines, respectively. Compared with empty vector 
counterparts, ectopic expression of Mcl-1 in sensitive cell lines 
dramatically reduced cell deaths by dovitinib (Figure 3C; P<0.01). 



Conversely, Mcl-1 abrogation using shRNA significantly increased 
cell death in dovitinib -resistant cell lines (Figure 3D; P<0.05), 
suggesting Mcl-1 had a functional role in mediating dovitnib's 
anti- cancer effect. 

Taken together, these results indicate that, in sensitive cells, the 
AKT/Mcl-1 is a key mediator of dovitinib's pro-apoptotic effect. 
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However, the signalling cascades linking Akt to Mcl-1 remained to 
be elucidated. Previous studies indicated that GSK-3/?, inactivated 
by Akt, phosphorylates Mcl-1 on Serine 159, an event that 
promoted Mcl-1 degradation (Maurer et al 2006; Ding et al 2007). 
Here, overexpression of CA-AKT1 potentiated phosphorylated 
GSK-3/? (inactivation), supporting GSK-3/? as an intermediate 
regulator of Mcl-1. 

Dovitinib's anti-cancer effects correlated with FGFR2 Illb 
mRNA level in pancreatic cancer. Our in vitro studies in 
Figure 2F showed that dovitinib's pro-apoptotic effect was most 
pronounced in pancreatic cells with heightened FGFR signalling as 
indicated by increased FRS2 phosphorylation ratio. As we did not 
detect significant difference in the expression level of FGFR1-4 
between dovitinib- sensitive and -resistant cells, we investigated 
their mRNA expression level and found a significantly higher 
FGFR2 mRNA level in the sensitive cells (L3.6PL, Panc4.30 and 
AsPCl) than the resistant (Panc2.13, SU8686 and Panc02.03) 
(Figure 4A) but not FGFR1, 3, 4 (Supplementary Figure S2A). 

The importance of FGFR1 and 2 in pancreas carcinogenesis had 
previously been reported and the phenotype may be altered by the 
variation in the splicing in the Ig-like domain III of the receptor 
(Illb and Ilk isoforms) (Nomura et al 2008; Chen et al 2010). 
Relationship between dovitinib's pro-apoptotic and expression 
of Illb and IIIc isoforms of FGFR1 and 2 was then investigated. 
We observed significantly higher FGFR2 Illb mRNA level in 
dovitinib -sensitive pancreatic cells than resistant cells (Figure 4B) 
but the same was not observed for FGFR2 IIIc and FGFR1 isoforms 
(Supplementary Figure S2B). 

Next, we investigated if the above in vitro observation could be 
similarly observed in vivo, and SCID mice bearing tumours derived 
from high (L3.6PL) and low (SU86.86) FGFR2 mRNA expressing 
cell lines in SCID mice were treated with dovitinib (Figure 4C). 
Significant tumour growth inhibition was observed in L3.6PL 
following dovitinib treatment but not SU86.86, consistent with 
observations from in vitro studies. 

FGFR2 mRNA expression predicted for dovitinib efficacy in 
patient-derived primary pancreatic cancer explant model. Based 
on studies above, we hypothesised that dovitinib exerts significant 
tumour growth inhibition in primary pancreas tumours with 
a high FGFR2 mRNA level but not in low- expressing tumours. 
A panel of 13 patient- derived primary pancreas cancer explants 
was evaluated for FGFR2 mRNA expression by RT-PCR 
(Figure 5A), and primary tumours #12424 (high FGFR2 mRNA 
level) and #10978 (low FGFR2 mRNA level) were selected for 
in vivo efficacy studies. Following 28 days of dovitinib treatment, 
compared with control, significant tumour growth inhibition was 
observed in #12424 (TGI 91.9%) and not in #10978 (TGI 15.8%) 
(Figure 5B). There was no significant difference in body weights 
and side effects between the vehicle and dovitinib -treated animals 
at the dose evaluated (Supplementary Figure S3). 



Representative tumours were harvested at the end of 28 days of 
treatment and analysed for changes in the FGFR pathway 
signalling proteins. The FGFR2 Illb mRNA level was higher in 
the untreated tumours of #12424 (dovitinib-sensitive) than the 
resistant #10978 (Figure 5C). In the dovitinib-sensitive #12424, 
dovitinib -treated tumour had decreased expression of p-FRS2a, 
p-AKT, p-ERK and Mcl-1 than control (Figure 5D). The 
expression of VEGFR2 and PDGFR/? were not significantly 
different following treatment. Hematoxylin and eosin staining 
showed broad necrosis of core tumour tissue in dovitinib-treated 
tumours (Figure 5E, arrow). The micro vessel density, evaluated by 
CD34, was significantly less in dovitinib-treated tumour (4.5 ± 0.6) 
than control (7.0 + 0.4, P<0.05). TUNEL expression was 
significantly higher in the dovitinib-treated (50.0 ± 3.2) than 
control (0.4 ±0.2, P< 0.0001), whereas the proliferative index 
Ki67 was not significantly different between dovitinib-treated 
(92 ± 4) and control (84 ± 9, P>0.05). 



DISCUSSION 



The clinical development of molecularly targeted drugs had largely 
failed in pancreatic cancer so far despite encouraging preclinical 
rationales. The failure may be due to the highly heterogeneous 
nature of the disease (Jones et al, 2008). FGF/FGFR signalling has 
been implicated in pancreatic carcinogenesis and an understanding 
of the susceptible molecular characteristics may facilitate the 
development of FGFR inhibitors. A main aim of this report was to 
determine whether FGFR signalling activity influenced the efficacy 
of a potent FGFR inhibitor in pancreatic cancer. Using gene 
manipulation techniques, we confirmed that FGFR signalling 
inhibition by FRS2a gene knockdown did exert pro-apoptotic 
effects in pancreatic cancer cell lines. We then showed that 
treatment with dovitinib, a potent FGFR multikinase inhibitor, 
achieved effects similar to FRS2a gene knockdown in two 
complementary preclinical models derived from cell lines and 
patient-derived primary tumour explants. The next aim was to 
identify the molecular features associated with dovitinib efficacy. 
In contrast to report of Taeger et al (2011) that focused primarily 
on the pharmacodynamics effects of dovitinib , we evaluated 
dovitinib in a panel of pancreas cancer cell lines and primary 
tumour explants with varying degree of dovitinib sensitivity, and 
showed that pancreatic cancers with heightened FGFR signalling 
were predisposed to dovitinib's anti-cancer effect. In addition, we 
found that FGFR2 mRNA level, particularly FGFR2 Illb isoform, 
may be predictive of dovitinib sensitivity. 

Dovitinib, in addition to FGFRs, also abrogates VEGFR2 
and PDGFR/? signalling in the low nanomolar concentration 
range (Lee, 2005). Taeger et al (2011) showed that dovitinib's 
anti-cancer effects in pancreatic cancer were related to 
co-inhibition of these kinases and the relative contribution of 



< 

Figure 5. FGFR2 mRNA expression level predicts for dovitinib sensitivity in patient-derived primary pancreatic cancer explant model. 

(A) Expression levels of FGFR2 mRNA were determined in 13 patient-derived primary pancreatic tumours. Transcript levels were measured by 
semi-quantitative RT-PCR analysis with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as control. The FGFR2 mRNA level was normalised 
to GAPDH for each tumour and presented in the bar chart. (B) Primary pancreatic tumour #1 2424 (high FGFR2 mRNA level) and #10978 (low level) 
were implanted s.c. into the right hind flanks of female immunodeficient nu/nu mice, and treated with vehicle (n = 5) or dovitinib (n = 5) orally once 
daily at 40mgkg" 1 when the tumours grew to pre-determined size. Tumour volume and mice weight were monitored twice weekly over the 
course of the study. (C) mRNA level of FGFR2 Illb and IIIc subtypes by RT-PCR in untreated #12424 and #10978 were normalised to GAPDH, and 
presented in bar charts. (D) Lysates from #12424 tumours treated with 40 mg kg -1 dovitinib or vehicle were subject to immunoblotting as 
indicated. (E) Immunohistochemical staining of pancreatic tumours treated with dovitinib and vehicle. The harvested tumours from primary tumour 
#12424 were processed and the slides were stained with antibodies to H&E (magnification, x 100), CD34 (magnification, x 100), Ki67 
(magnification, x 100) or TUNEL (magnification, x 200 in #12424 group and x 100 in SU86.86 group). Representative fields are shown. Arrow 
indicates necrosis. The expression level of CD34, Ki67 and TUNEL of representative fields were scored by a pathologist blinded to treatment 
applied, and presented in scatterplots. 
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respective receptor signalling was difficult to determine. Dey et al 
(2010) reported that, in breast cancer model, dovitinib's 
anti- cancer effects were mediated primarily by FGFR inhibition 
and not VEGFR2 and PDGFR/?. Here, we found that dovitinib's 
anti-cancer effects were related directly to elevated FGFR pathway 
activation/phosphorylation status in untreated/control pancreatic 
cancer cells but not to that of VEGFR2 and PDGFR/? signalling. 
Next, using FGFR2 mRNA expression level as a surrogate for 
FGFR activity, we correctly identified one dovitinib- sensitive 
and one -resistant tumour from a panel of 13 patient-derived 
primary pancreatic cancer explants. Furthermore, dovitinib's 
efficacy seemed to be related to the expression level of FGFR2 
Illb isoform and not of FGFR2 IIIc. As such, evidence so far 
seemed to suggest that FGFR pathway inhibition is more likely the 
predominant contributor to dovitnib's anti- cancer effects in 
pancreatic cancer. 

The intracellular kinase domain of FGFRs is structurally similar 
to VEGFR2 and PDGFR. The extracellular domains II and III of 
FGFRs constitute the binding site for FGF ligands (Wesche et al, 
2011). Alternative splicing in domain III in FGFR1-3, not FGFR4, 
creates isoforms (Illb and IIIc) with varying binding affinity to 
various FGF ligands (Katoh and Katoh, 2009). Physiologically, 
FGFR Illb and IIIc isoforms are differentially expressed in 
epithelial and mesenchymal cell types, respectively, and are 
regulated by distinct groups of FGF ligands. Altered splicing in 
FGFRs switches ligand-binding affinity and can allow tumour cells 
to be stimulated by a broader range of FGFs than under 
physiological conditions, leading to aberrant paracrine signalling 
loop (Brooks et al, 2012). In prostate cancer, gain in FGFR2 IIIc 
and loss of FGFR2 Illb expression was linked to progression from 
androgen dependence to independence; and in rat bladder cancer, 
gain in FGFR2 IIIc expression was associated with epithelial- 
to -mesenchymal transition (Yan et al, 1993; Baum et al, 2008). 
FGFR2 IIIc overexpression was linked to increased pancreatic 
cancer cell proliferation and conferred stem cell -like phenotype, 
and correlated with earlier liver recurrence in pancreatic cancer 
patients following surgical resection (Ishiwata et al, 2012). 

Our study is the first to report on the relationship between 
FGFR2 Illb expression and susceptibility to a potent FGFR 
inhibitor. Dovitinib inhibits FGFR signalling by interrupting the 
intracellular kinase activity and as such, splice variations in the 
FGF ligand-binding domain III should not significantly affect 
dovitinib's effect on these isoforms. Moreover, dovitinib success- 
fully abrogated the phosphorylation of FRS2 that is a downstream 
signalling adaptor to FGFR1-4. The differential impact of dovitinib 
is thus more likely due to preferential targeting of pancreatic 
cancers overexpressing FGFR2 Illb that are dependent on 
paracrine regulation by mesenchymal- derived FGF ligands. 
FGF7, FGF 10 and FGF22 are subfamily of FGFs secreted by 
mesenchymal cells such as fibroblasts, endothelial and inflamma- 
tory cells that specifically bind to FGFR2 Illb on epithelial cells to 
regulate embryogenesis and adult tissue homoeostasis (Katoh, 
2008). FGFR2 Illb overexpression was linked to poorer prognosis 
in pancreatic cancer patients and interactions between stromal- 
derived FGF 10 and FGFR2 Illb enhanced pancreatic cancer cell 
migration and invasion in in vitro studies (Nomura et al, 2008). 
FGF7 overexpression had also been linked to pancreatic cancer 
aggressiveness (Yi et al, 1994; Zang et al, 2009). 

Interestingly, even though we observed a differential expression 
of FGFR2 mRNA level between dovitinib -sensitive and -resistant 
cells, the same was not true for FGFR2 protein by immunobloting. 
However, it was clear that there was heightened FGFR signalling 
indicated by increased FRS2 phosphorylation in the sensitive cells. 
According to current understanding of receptor tyrosine kinase 
physiology (Wesche et al, 2011), a potential explanation is that, 
in sensitive cells, FGFR2 degradation and recycling was accelerated 
following increased FGFR2 activation that led to a compensatory 



increase in FGFR2 gene transcription to maintain a steady supply 
of FGFR2 ready for ligand binding. The end result is thus no 
significant difference in receptor expression between cells with and 
without heighted FGFR2 signalling activity. 



CONCLUSION 



In summary, we showed that dovitinib's anti-cancer effect in 
pancreatic cancer correlated with the underlying FGFR signalling 
activity, and the efficacy may be most pronounced in cancer cells 
overexpressing FGFR2. We propose that FGFR2 Illb overexpres- 
sion enhances cancer cells' ability to interact with and become 
dependent on paracrine stimulation by mesenchymal-derived FGF 
ligands. Such hypothesis will need further investigation and be 
validated in other cancer types. We plan to investigate the 
relevance of these potential predictive biomarkers in ongoing 
pancreatic cancer clinical trials using dovitinib at our institution 
(ClinicalTrials.gov ID NCT01497392). 



ACKNOWLEDGEMENTS 



The studies were supported by internal institutional funding. 



CONFLICT OF INTEREST 



The authors declare no conflict of interest. 



REFERENCES 



American Cancer Society (2011) American Cancer Society. Cancer Facts & 
Figures 2012. American Cancer Society: Atlanta 2012, pp 1-68. 

Baum B, Settleman J, Quinlan MP (2008) Transitions between epithelial and 
mesenchymal states in development and disease. Semin Cell Dev Biol 19: 
294-308. 

Beenken A, Mohammadi M (2009) The FGF family: biology, pathophysiology 

and therapy. Nat Rev Drug Discov 8: 235-253. 
Brooks AN, Kilgour E, Smith PD (2012) Molecular pathways: fibroblast 

growth factor signalling: a new therapeutic opportunity in cancer. 

Clin Cancer Res 18: 1855-1862. 
Chen G, Tian X, Liu Z, Zhou S, Schmidt B, Henne-Bruns D, Bachem M, 

Kornmann M (2010) Inhibition of endogenous SPARC enhances 

pancreatic cancer cell growth: modulation by FGFR1-III isoform 

expression. Br J Cancer 102: 188-195. 
Cho K, Ishiwata T, Uchida E, Nakazawa N, Korc M, Naito Z, Tajiri T (2007) 

Enhanced expression of keratinocyte growth factor and its receptor 

correlates with venous invasion in pancreatic cancer. Am J Pathol 170: 

1964-1974. 

Dey JH, Bianchi F, Voshol J, Bonenfant D, Oakeley EJ, Hynes NE (2010) 
Targeting fibroblast growth factor receptors blocks PI3K/AKT signalling, 
induces apoptosis, and impairs mammary tumour outgrowth and 
metastasis. Cancer Res 70: 4151-4162. 

Ding Q, He X, Hsu JM, Xia W, Chen CT, Li LY, Lee DF, Liu JC, Zhong Q, 
Wang X, Hung MC (2007) Degradation of Mcl-1 by -TrCP mediates 
glycogen synthase kinase 3 -induced tumour suppression and 
chemosensitization. Mol Cell Biol 27: 4006-4017. 

Escaffit F, Estival A, Bertrand C, Vaysse N, Hollande E, Clemente F (2000) 
FGF-2 isoforms of 18 and 22.5 kDa differentially modulate t-PA and 
PAI-1 expressions on the pancreatic carcinoma cells AR4-2J: 
consequences on cell spreading and invasion. Int J Cancer 85: 555-562. 

Hylander BL, Pitoniak R, Penetrante RB, Gibbs JF, Oktay D, Cheng J, 

Repasky EA (2005) The anti-tumour effect of Apo2L/TRAIL on patient 
pancreatic adenocarcinomas grown as xenografts in SCID mice. / Transl 
Med 3: 22. 

Ishiwata T, Matsuda Y, Yamamoto T, Uchida E, Korc M, Naito Z (2012) 
Enhanced expression of fibroblast growth factor receptor 2 IIIc promotes 
human pancreatic cancer cell proliferation. Am J Pathol 180: 1928-1941. 



328 



www.bjcancer.com | DOI:1 0.1 038/bjc.201 3.754 



FGFR inhibitor in pancreatic cancer 



BRITISH JOURNAL OF CANCER 



Jones S, Zhang X, Parsons DW, Lin JCH, Leary RJ, Angenendt P, Mankoo P, 
Carter H, Kamiyama H, Jimeno A, Hong SM, Fu B, Lin MT, Calhoun ES, 
Kamiyama M, Walter K, Nikolskaya T, Nikolsky Y, Hartigan J, Smith DR, 
Hidalgo M, Leach SD, Klein AP, Jaffee EM, Goggins M, Maitra A, 
Iacobuzio-Donahue C, Eshleman JR, Kern SE, Hruban RH, Karchin R, 
Papadopoulos N, Parmigiani G, Vogelstein B, Velculescu VE, Kinzler KW 
(2008) Core signalling pathways in human pancreatic cancers revealed by 
global genomic analyses. Science 321: 1801-1806. 

Katoh M (2008) Cancer genomics and genetics of FGFR2 (review). Int J Oncol 
33: 233-237. 

Katoh Y, Katoh M (2009) FGFR2-related pathogenesis and FGFR2 -targeted 

therapeutics (review). Int I Mol Med 23: 307-311. 
Kornmann M, Beger HG, Korc M (1998) Role of fibroblast growth factors and 

their receptors in pancreatic cancer and chronic pancreatitis. Pancreas 17: 

169-175. 

Kuniyasu H, Abbruzzese JL, Geary KR, Fidler I J (2001) Induction of ductal 
and stromal hyperplasia by basic fibroblast growth factor produced by 
human pancreatic carcinoma. Int / Oncol 19: 681-685. 

Lee SH (2005) In vivo target modulation and biological activity of CHIR-258, 
a multitargeted growth factor receptor kinase inhibitor, in colon cancer 
models. Clin Cancer Res 11: 3633-3641. 

Liu Z, Neiss N, Zhou S, Henne-Bruns D, Korc M, Bachem M, Kornmann M 
(2007) Identification of a fibroblast growth factor receptor 1 splice variant 
that inhibits pancreatic cancer cell growth. Cancer Res. 67: 2712-2719. 

Mahadevan D, Von Hoff D.D. (2007) Tumour-stroma interactions in 
pancreatic ductal adenocarcinoma. Mol Cancer Ther 6: 1186-1197. 

Maurer U, Charvet C, Wagman AS, Dejardin E, Green DR (2006) Glycogen 
synthase kinase- 3 regulates mitochondrial outer membrane 
permeabilization and apoptosis by destabilization of MCL-1. Mol Cell 21: 
749-760. 

Nomura S, Yoshitomi H, Takano S, Shida T, Kobayashi S, Ohtsuka M, 
Kimura F, Shimizu H, Yoshidome H, Kato A, Miyazaki M (2008) 
FGF10/FGFR2 signal induces cell migration and invasion in pancreatic 
cancer. Br J Cancer 99: 305-313. 

Nowak NJ, Gaile D, Conroy JM, McQuaid D, Cowell J, Carter R, Goggins MG, 
Hruban RH, Maitra A (2005) Genome-wide aberrations in pancreatic 
adenocarcinoma. Cancer Genet Cytogenet 161: 36-50. 

Ohta T, Yamamoto M, Numata M, Iseki S, Tsukioka Y, Miyashita T, 

Kayahara M, Nagakawa T, Miyazaki I, Nishikawa K, Yoshitake Y (1995) 
Expression of basic fibroblast growth factor and its receptor in human 
pancreatic carcinomas. Br / Cancer 72: 824-831. 

Philip PA, Mooney M, Jaffe D, Eckhardt G, Moore M, Meropol N, Emens L, 
O'Reilly E, Korc M, Ellis L, Benedetti J, Rothenberg M, Willett C, 
Tempero M, Lowy A, Abbruzzese J, Simeone D, Hingorani S, Berlin J, 
Tepper J (2009) Consensus report of the National Cancer Institute Clinical 



Trials planning meeting on pancreas cancer treatment. / Clin Oncol 27: 
5660-5669. 

Rahmani M, Yu C, Reese E, Ahmed W, Hirsch K, Dent P, Grant S (2003) 
Inhibition of PI-3 kinase sensitizes human leukemic cells to histone 
deacetylase inhibitor-mediated apoptosis through p44/42 MAP kinase 
inactivation and abrogation of p21(CIPl/WAFl) induction rather than 
AKT inhibition. Oncogene 22: 6231-6242. 

Rubio-Viqueira B, Jimeno A, Cusatis G, Zhang X, Iacobuzio-Donahue C, 
Karikari C, Shi C, Danenberg K, Danenberg PV, Kuramochi H, Tanaka K, 
Singh S, Salimi-Moosavi H, Bouraoud N, Amador ML, Altiok S, Kulesza P, 
Yeo C, Messersmith W, Eshleman J, Hruban RH, Maitra A, Hidalgo M 
(2006) An in vivo platform for translational drug development in 
pancreatic cancer. Clin Cancer Res 12: 4652-4661. 

Taeger J, Moser C, Hellerbrand C, Mycielska ME, Glockzin G, Schlitt HJ, 
Geissler EK, Stoeltzing O, Lang SA (2011) Targeting FGFR/PDGFR/ 
VEGFR impairs tumor growth, angiogenesis, and metastasis by effects 
on tumor cells, endothelial cells, and pericytes in pancreatic cancer. 
Mol Cancer Ther 10: 2157-2167. 

Wesche J, Haglund K, Haugsten EM (2011) Fibroblast growth factors and 
their receptors in cancer. Biochem J 437: 199-213. 

Workman P, Aboagye EO, Balkwill F, Balmain A, Bruder G, Chaplin DJ, 
Double JA, Everitt J, Farningham DAH, Glennie MJ, Kelland LR, 
Robinson V, Stratford IJ, Tozer GM, Watson S, Wedge SR, Eccles SA. 
Committee of the National Cancer Research Institute (2010) Guidelines 
for the welfare and use of animals in cancer research. Br J Cancer 102: 
1555-1577. 

Yamanaka Y, Friess H, Buchler M, Beger HG, Uchida E, Onda M, Kobrin MS, 
Korc M (1993) Overexpression of acidic and basic fibroblast growth 
factors in human pancreatic cancer correlates with advanced tumor stage. 
Cancer Res 53: 5289-5296. 

Yan G, Fukabori Y, McBride G, Nikolaropolous S, McKeehan WL (1993) 
Exon switching and activation of stromal and embryonic fibroblast 
growth factor (FGF)-FGF receptor genes in prostate epithelial cells 
accompany stromal independence and malignancy. Mol Cell Biol 13: 
4513-4522. 

Yi ES, Yin S, Harclerode DL, Bedoya A, Bikhazi NB, Housley RM, Aukerman SL, 
Morris CF, Pierce GF, Ulich TR (1994) Keratinocyte growth factor induces 
pancreatic ductal epithelial proliferation. Am J Pathol 145: 80-85. 

Zang X-P, Lerner M, Brackett D, Pento JT (2009) Influence of KGF on the 
progression of pancreatic cancer. Anticancer Res 29: 3417-3420. 

| g)0®@| This work is licensed under the Creative Commons 
L ^iwa J Attribution-NonCommercial-Share Alike 3.0 Unported 
License. To view a copy of this license, visit http://creativecommons. 
org/licenses/by-nc-sa/3.0/ 



Supplementary Information accompanies this paper on British Journal of Cancer website (http://www.nature.com/bjc) 



www.bjcancer.com | DOI:1 0.1 038/bjc.201 3.754 



329 



